Abstract: Analyses of fossil seeds and pollen grains preserved in seven sediment cores and borings were combined with historical land-use records to reconstruct an 1800-yr history of Otter Point Creek (OPC), a freshwater tidal deltaic wetland in the upper Chesapeake Bay. The objectives of the study were to document the role of natural and anthropogenic disturbance on habitat development at different sites within the wetland. Fossil seeds revealed a 1500-yr period (AD 230 to 1700) of subtidal habitat stability characterized by the aquatic macrophytes Zannichellia palustris, Najas gracillima, N guadalupensis, Elodea canadensis and Vallisneria americana. Natural disturbance had little or no impact on the estuarine habitat during this time. By the early 1700s, forest clearance for agriculture and lumber during European settlement led to higher erosion rates in the watershed. This led to rapid sediment efflux and broad habitat changes along a hydrologic gradient within the estuary. The aquatic macrophytes disappeared when estuarine sedimentation rates increased from a pre-1700 mean of 0.05 cm/yr to 0.60 cm/yr after 1730-1750. As the estuary continued to fill behind a prograding delta from AD 1750 to 1950, sub-tidal species were replaced sequentially by increasingly less flood-tolerant dominants of low marsh (Zizania aquatica), middle marsh (Typha angustifolia or Leersia oryzoides), high marsh (Acorus calamus), shrub marsh (Typha latifolia and Salix nigra) and riparian forest (Acer negundo, Fraxinus pennsylvanica and Betula nigra). Habitat change progressed in pulses followed by periods of habitat stasis. The most rapid and extensive period of change occurred between 1840 and 1880, synchronous with the period of highest sedimentation rates, midcentury storms and intensive land use in the watershed. The rate and pattern of community change differed among sites where position relative to the watershed, local disturbance, and channel shifts at or adjacent to the site influenced different community pathways. A conceptual model is proposed to describe the spatial and temporal development of eastern US freshwater tidal wetland habitats, reflecting the importance of the impact of colonial deforestation.
Introduction
Freshwater tidal wetlands (FTW) lie at the interface between upland watersheds and tidal rivers along the Atlantic and Gulf Coasts of the eastern USA. These biologically diverse and economically important systems are particularly vulnerable to human activities associated with major East Coast cities as well as watershed disturbance (Simpson et al., 1983;  > 1000 years with no change (WB. Hilgartner, unpublished data, 1990-91) . While some of these studies have documented spatial and temporal shifts in marsh and forest habitat little is known about the details and patterns of habitat change at various locations within a FTW It is not known whether species characteristic of modern habitat zones distributed along an increasing elevation and decreasing flood frequency gradient (ie, subtidal, low marsh, middle marsh, high marsh and riparian forest) follow this sequence at particular sites through time. Disturbances might also have different effects at different locations. Hence the influence of human and natural disturbance on rates of change and trajectories at different wetland sites over centuries needs to be explored.
This study uses palaeoecological and land-use records to evaluate the relative influence of human and natural disturbance on the 1800-yr history of habitats in a FTW delta in the upper Chesapeake Bay. The objectives of the study were to address the following questions: (1) How long have the present habitat patterns and species associations existed? (2) How have habitats and species associations changed spatially in prehistoric time compared with historic time? (3) How are these changes related to human activity and natural disturbance?
FTWs contain a high diversity of plant species arranged as vegetation zones along an elevation gradient. Each zone is characterized by one or two dominant species (Simpson et al., 1983; Leck and Simpson, 1995; Mitsch and Gosselink, 2000; Pasternack et al., 2000) . Elevation and hydrology are the primary factors governing plant patterns because they dictate the depth and duration of flooding imposed on species assemblages. Therefore, any factor or disturbance producing a change in elevation and hydrology, either by increasing or decreasing the substrate level or by altering the hydrologic regime, will affect species composition (Leck and Simpson, 1987, 1995; Niering 1989; Pasternack et al., 2000 (Niering and Warren, 1980; Serodes and Troude, 1984; Clark and Patterson, 1985; Clark, 1986; Shaffer et al., 1992; Mitsch and Gosselink, 2000) .
As we were interested in examining local site differences within the wetland, we utilized seeds, fruits and other macrofossils in the stratigraphic record. These can be identified to species level with greater precision than microfossils such as pollen and are not transported far from parent plants. Thus macrofossils provide virtually an in situ record of vegetation over centuries. (Watts, 1978; Allen and Huntley, 1999; Birks and Birks, 2000; Birks, 2003 ; Van der Putten et al., 2004; Wasylikowa, 2005) . In this study, the area of the seed species assemblage circumscribed by the term in situ is 1 m2 for marsh samples and 80 -100 m2 for sub-tidal and forest samples, based on surface sample analyses in Otter Point Creek and other Chesapeake Bay tributaries (Davis, 1985; Hilgartner, 1995) .
Seed bank studies along the Delaware River (Leck and Simpson, 1994, 1995) and similarity between seed bank and macrofossil depositional processes (Wasylikowa, 1986) (Pasternack et al., 2000) . Shrub marsh vegetation was determined from analysis of 22 -iM2 quadrats and the riparian forest from seven 100-M2 belt transects (Hilgartner, 1995) . Although the subtidal environment is relatively barren of plants, the introduced Myriophyllum spicatum and Potamogeton crispus occur in scattered patches. Dominant species that define the habitats comprise generally 60-80% relative cover. Important associated species represent those with > 20% relative cover.
While the wetland contains fragments of interspersed habitats, the general pattern from the delta front to the delta head and channel levee is a progression from subtidal to floating leaf to low marsh to middle or high marsh to forest, with an area of shrub marsh at the western end of the wetland and along channel banks (Figure 1 ). Similar habitat zones and indicator species have been described from other freshwater tidal wetlands in the mid-Atlantic region (Simpson et al., 1983; Parker and Leck, 1985; Leck et al., 1988; Leck and Simpson, 1994, 1995) . The tidal riparian forest habitat, dominated by Acer negundo and its codominants Fraxinus pennsylvanica and Betula nigra is an association also found along numerous nontidal riparian systems in the region (Brush et al., 1980 (Brush, 1986; Fletcher et al., 1993; Khan and Brush, 1994; Kellogg and Custer, 1994; Willard et al., 2003; Pederson et al., 2005 (25 cm) . These storms produced high-impact floods from heavy rainfall and significant sedimentation (Vokes and Edwards, 1974; Gross et al., 1978) .
Human disturbance before European settlement in the seventeenth century was minimal (Custer, 1986) . Populations of no greater than 6000 along the entire Maryland coastline of Chesapeake Bay (Ubelaker and Curtin, 2001 ) cleared < 1% of forests (Brush, 1984 (Marye, 1955a, b) . A charcoal peak found in sediments deposited during the thirteenth century in OPC suggests increased wildfire or human-set fires during that time (Hilgartner, 1995) .
Human disturbance accelerated after 1658, when the first European settlers moved into the OPC region (Wright, 1967 (Cooper and Brush, 1993) . In the mid-1800s, more land was brought under cultivation, accompanied by increased fertilizer use and deep plough farming. The latter increased upland erosion, intensifying eutrophication and sedimentation in the estuary. Increased sedimentation resulted in heavy siltation of ports and embayments in numerous Chesapeake Bay watersheds and wetlands (Gottschalk, 1945; Brush 1989 Figure 1) . A mini-vibrocoring system (Smith, 1987) Stratigraphy and dating of sediments Colour (Munsell Soil Colour Chart), sediment texture and plant content of each core and auger boring were described visually ( Figure 2 ). Bulk sediment samples containing silt, clay and organics from bottom levels within cores OPC1, OPC3 and OPC13 and soil auger borings AugerI and Auger2, were radiocarbon-dated at Beta Analytic Laboratories, Florida (Table 3) . Pollen-dated horizons (Table 4) were differentiated on the basis of the ratio of oak (Quercus) to ragweed (Ambrosia) pollen (O:R), which reflects the history of regional land use (Brush, 1984 
Sedimentation rates
Average sedimentation rates (R) for OPC3, OPC13 and Auger2 were calculated between radiocarbon and pollen-dated horizons. Each sample was then dated by adjusting the average sedimentation rate between dated horizons according to pollen concentrations in each sample (Brush, 1989 ). This method is based on an inverse relation between pollen concentration and sediment accumulation. The sedimentation rate for a given sample (Ro-,) is calculated using the following equation:
Ro-n = ( N/n _p)Ra,g
where N is the average number of pollen grains per area in a given time period, no-, is the number of pollen grains per area in interval 0 -n, and Ravg is the average sedimentation rate. Once sedimentation rates were calculated for each sample, a chronology was established by determining the number of years represented by each sample. Starting at the top of the core a date is assigned to each sample based on the number of years represented by each sample. In cores where bottom sediment was deposited after 1700 (OPC1, OPC15, Augerl, Auger4) O:R ratios and stratigraphic similarities to dated cores were used to estimate dates. In addition, in OPC1 sand and gravel layer anomalies were linked with two road construction events adjacent to the site at years 1938 (Rt 40) and 1972 (Rt 24) (see Figure 1 ). (Gleason, 1952; Martin and Barkley, 1973; Montgomery, 1977; Pierce and Tiffney, 1986) . All fossil species (except as noted below) were present in surface vegetation and seeds, fruits, stem parts and rootlets were collected for reference. Important fossil indicators of species generally confined to one particular habitat were identified from surface samples ( Table 4 and text). ***Date rejected based on age/depth comparison with other auger borings and inaccuracy of young radiocarbon age. from other tributaries and have been used in previous studies . The floating leaf habitat (Habitat 3) represented only by Nuphar advena was not identified in samples because this species leaves a poor macrofossil record.
In the case where a macrofossil could not be assigned confidently to species, the closest taxonomic level was assigned as in Carex sp. or Cruciferae type. 'Rootlets' was assigned to Acer negundo, and associated forest dominants Fraxinus pennsylvanica and Betula nigra. These three arboreal species characterize the riparian forest in 100-mr2 belt transects with relative densities of 46-75%, 25-46% and 9-20%, respectively (Hilgartner, 1995) . These rootlets, while not differentiated to species level, were treated as a proxy for the riparian forest. Species shown in macrofossil profiles were those represented by > 2.0 seeds/15 ml sample or > 7.0 seeds/100 ml. These are species that are generally locally dispersed and provide greater precision in interpreting local vegetation changes (Hilgartner, OPC1 (present habitat: Salix nigra-Typha latifolia shrub marsh)
A riparian forest habitat, based on the presence of 'Rootlets' was established in the bottom sediment (Figure 7b) . A species of Cruciferae and Sambucus canadensis were important from 85 cm to 60 cm . The forest persisted until around 1938, when an opening in the forest canopy and increased flooding occurred, based on the presence of Alisma subcordatum, Eleocharis obtusa, Polygonum arifolium and, for a brief period, Typha cf. latifolia. This date is estimated, based on the timing of road construction of Route 40, the edge of which lies within 20 m of the coring site (Figure 1 ). The road embankment is believed to have initiated hydrologic alteration of this portion of the wetland. In the early 1970s, the above species (except Typha) disappeared as flooding depth increased and Salix nigra, Typha latifolia and Saururus cernuus became dominant. Again completion of the nearby road construction of Route 24 (1971) (1972) impeded drainage and, combined with flooding from Hurricane Agnes (1972) , is believed to be the reason for the habitat shift to greater flooding depth (Figure 1 ). Sequential aerial photographs support this argument (Hilgartner, 1995 (Watts, 1978; Birks and Birks, 1980; Cotton et al., 1999; Donnelly et al., 2001) . This storm buffer effect of forested watersheds is well-documented elsewhere from recent and long-term watershed studies as well as from geomorphologic reconstructions (Bormann et al., 1974; Jacobson and Coleman, 1986; Freedman, 1995; Goudie, 2000) . The centuries-long dry and wet periods identified in the region had a minor effect on the subtidal habitat at OPC. Zannichellia palustris increased in abundance around the Habitat change proceeded only after the sedimentation rate increased during the eighteenth century. This result is supported by other studies showing that rapid accretion of infilling silt, sand and clay from anthropogenic disturbance is the primary factor forcing major changes in species assemblages in coastal wetlands (Cole, 1994;  Khan and Brush, 1994 (Goudie, 2000) . (Figures 8 and 9 ). Habitats changed at five sites from wetter to drier, one changed from drier to wetter, and another did not change. Using a Chi-Square test from a probability matrix of the numbered habitat sequences shown in Figure 8 , the null hypothesis that habitat changes were independent of one another after AD -1700 was rejected at p < <0.001 (X2 = 226.3, df= 49). This indicates that the sequence of habitat change was non-random. The trajectory of temporal change reflects the physical position of modern However, the sequence, rate of change and species composition at each coring site varied considerably, demonstrating the influence of local site characteristics on spatial variability within and between habitats. The most rapid series of changes occurred at the Auger2 site; subtidal habitat shifted to middle marsh, shrub marsh and riparian forest within 75 years 'skipping over' the low marsh and high marsh sequences. This site received the highest post-settlement sedimentation of 240 cm. The sites receiving less deposition (OPC3 and OPC13) experienced roughly equal levels of post-settlement sedimentation of 165 cm and 160 cm, respectively, and shifted more gradually from subtidal to marsh habitats. In addition to differential sediment deposition between sites, minor changes in species composition could be caused by local, physical differences in hydrology and nutrients (Gosselink and Turner, 1978; Mitsch and Gosselink, 2000) , or biological factors including herbivory, competition, seed dispersal, colonization, seed bank dynamics or channelization by beavers (Connell and Slatyer, 1977, van der Valk, 1981; Simpson et al., 1983; Huston and Smith 1987; Leck 1989; Crawley 1997; Pasternack et al., 2000) .
The Figure 10 Conceptual model of habitat change in a freshwater tidal wetland delta. The model hypothesizes that stability prevails in estuaries with forested watersheds for many centuries before European settlement. Large disturbances such as 100-yr storm events do not impact wetland habitats while the watershed is > 98% forested. After deforestation erosion increases and combined with storm water, sediment efflux produces a prograding delta away from the delta head and the main channel bank with accompanying habitat change. Habitat change occurs after sediment pulses. A period of habitat stasis follows until interrupted by the next storm pulse or major watershed disturbance.
ST brium-disequilibrium model derived from palaeoecological studies of habitat development in kettle-hole peatlands in Wisconsin and Ontario (Winkler, 1988; Campbell et al., 1997 (Wolman, 1967; Groffman et al., 2003) . The coincidence of reduced sediment yields from the watershed since 1950 (mean rate of 0.52 cm/yr) and the reduction or cessation of delta progradation and habitat change in the estuary, further identifies human disturbance of the watershed as the primary influence on wetland habitat development and configuration.
While the macrofossil record clearly shows a sequential replacement of vegetation assemblages, it may not provide an accurate record of successional processes at each coring site, because important, subtle successional changes that would occur within 1-20 yr periods would be obscured or lost. We agree with the caution proposed by Hughes and DumaynePeaty (2002) that macrofossils spanning hundreds of years probably cannot address particular processes or mechanisms inherent in the term 'succession'.
We propose a conceptual model to describe the history of disturbance and habitat change in an upper estuary that results in freshwater tidal wetlands (Figure 10) . We believe the model describes the development of freshwater tidal wetlands in most subestuaries along the western shore of the Chesapeake Bay for historical and geographical reasons. Virtually the entire Chesapeake watershed has been deforested in the 380 years since European settlement , and much of the western shore of the Bay adjoins the steep Fall Line. The model may be applied more broadly to describe the development of any FTW that forms in the basin of a forested watershed with steep topography, since watershed slope is an important factor in sediment supply (Goudie, 2000; Pasternack, et al., 2001) . Refinement of the model could be accomplished through further study of the relationships between watershed slope, ratio of watershed area to basin area, dominant vegetation, and varying human and natural disturbance regimes.
Conclusion
The results of this study emphasize the strong relationship that exists (or existed) between a fully forested watershed and a stable estuarine habitat. A forested watershed ameliorates the effect of major storms by absorbing runoff and reducing erosion, so that sediment efflux into the estuary remains low for centuries. Once this buffering effect was reduced by up to 80% deforestation during the eighteenth and nineteenth centuries, erosion in conjunction with storm events produced increased accretion of inorganic sediment in the estuary, burying the pristine aquatic macrophyte habitat. The most extensive and rapid change occurred from 1840 to 1880, when human disturbance was the only factor initiating habitat change. Major storms or construction in conjunction with a deforested landscape produced pulses of habitat change, followed by periods of habitat stasis. During the period of stasis, minor fluctuations in species composition and abundance occurred within habitats. Hence, scale is important in understanding local habitat change since large-scale watershed disturbance over 300 years produced different wetland habitats, while individual habitats responded to local site variations. The macrofossil record in freshwater tidal wetlands is useful in shedding light on the sequential replacement of vegetation communities at various spatial and temporal scales.
